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Abstract 
Altered reinforcement learning is implicated in the causes of Tourette syndrome (TS) 
and attention-deficit/hyperactivity disorder (ADHD). TS and ADHD frequently co-occur but 
how this affects reinforcement learning has not been investigated. We examined the ability of 
young people with TS (n = 18), TS+ADHD (N = 17), ADHD (n = 13) and typically 
developing controls (n = 20) to learn and reverse stimulus-response (S-R) associations based 
on positive and negative reinforcement feedback. We used a 2 (TS-yes, TS-no) x 2 (ADHD-
yes, ADHD-no) factorial design to assess the effects of TS, ADHD, and their interaction on 
behavioural (accuracy, RT) and event-related potential (stimulus-locked P3, feedback-locked 
P2, feedback-related negativity, FRN) indices of learning and reversing the S-R associations. 
TS was associated with intact learning and reversal performance and largely typical ERP 
amplitudes. ADHD was associated with lower accuracy during S-R learning and impaired 
reversal learning (significantly reduced accuracy and a trend for smaller P3 amplitude). The 
results indicate that co-occurring ADHD symptoms impair reversal learning in TS+ADHD. 
The implications of these findings for behavioural tic therapies are discussed.  
 
Abbreviations 
TS, Tourette syndrome; ADHD, attention-deficit/hyperactivity disorder; TS+ADHD, 
Tourette syndrome and co-occurring ADHD; EEG, electro-encephalography; ERP, event-
related potential; FRN, feedback-related negativity; HRT, habit-reversal therapy 
 
Keywords: Tourette syndrome, ADHD, reinforcement learning, comorbidity, event-related 
potentials, electrophysiology 
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1. Introduction 
Tourette syndrome (TS) is a neurodevelopmental disorder characterised by chronic 
motor and phonic tics, i.e. involuntary and repetitive movements and sounds (American 
Psychiatric Association, 2013). A large proportion of young people with TS have co-
occurring symptoms of attention-deficit/hyperactivity disorder (ADHD) (Freeman, 2007; 
Hirschtritt et al., 2015), a neurodevelopmental disorder characterised by inappropriate and 
impairing symptoms of inattention, hyperactivity, and impulsivity (American Psychiatric 
Association, 2013). Young people with TS and co-occurring ADHD (TS+ADHD) have 
worse functional outcomes (Conelea et al., 2011; Debes et al., 2010) and experience less 
success with behavioural tic therapies (McGuire et al., 2014) than young people with TS 
without ADHD but the mechanisms underlying these effects are not known.  
Reinforcement learning, the ability to learn and modify behaviours based on their 
association with positive and negative outcomes, has been implicated in the causes of TS and 
ADHD. This ability relies on dopaminergic transmission in cortico-striato-thalamo-cortical 
(CSTC) circuitry (Kehagia et al., 2010; Maia & Frank, 2011). In TS, it has been proposed 
that excessive striatal dopamine leads to inappropriate hyper-learning of associations between 
sensory stimuli and motor responses, resulting in tic ‘habits’ that are difficult to break 
(Leckman & Riddle, 2000; Maia & Frank, 2011). Findings of increased dopamine 
transmission in unmedicated patients with TS (recently reviewed in Buse et al., 2013) and the 
successful amelioration of tics with dopamine antagonist medications (Lombroso et al., 1995; 
Sallee et al., 1997) support this proposal. Further, experimental work has found that 
unmedicated adults with TS show enhanced habit-learning performance and impaired 
learning from punishments (Delorme et al., 2015; Palminteri et al., 2009; 2011) compared 
with those on medication, and these effects are positively associated with tic severity and 
atypical white matter in CSTC circuitry (Delorme et al., 2015). These findings indicate that 
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learned associations are more ingrained (hyper-learned) when individuals with TS are not on 
dopamine-reducing antagonist medication, and that this hyper-learning is associated with 
more severe tics and greater atypicality in the CSTC neural circuitry that is proposed to 
underlie both tic generation and dopamine-driven reinforcement learning. This pattern of 
findings therefore supports the proposal that excessive dopamine in CSTC circuitry leads to 
tics via over-active reinforcement learning. However, others have reported poorer habit-
learning performance (Kéri et al., 2002; Marsh et al., 2004) or typical learning profiles 
(Channon et al., 2006; Crawford et al., 2005) in TS. Mixed findings of intact (Channon et al., 
2004; Cirino et al., 2000; Ozonoff & Jensen, 1999) or impaired (Eddy & Cavanna, 2014) 
learning performance on the Wisconsin Card Sorting Test have also been reported in TS, 
although this task places considerable demands on cognitive processes other than 
reinforcement learning, including planning and working memory, which limits the 
interpretability of these findings. Of note, few of these studies adequately controlled for the 
influence of co-occurring symptomatology, including ADHD, and so further work is needed 
to fully test the proposed link between reinforcement learning mechanisms and tics.  
Impaired reinforcement learning is central to several models of ADHD, all of which 
propose dopaminergic abnormalities in CSTC pathways (Johansen et al., 2009; Sagvolden et 
al., 2005; Sonuga-Barke, 2003; Tripp & Wickens, 2008). In support of this, treatment with 
methylphenidate, which increases dopaminergic activity in CSTC circuits, reduces ADHD 
symptoms, and reinforcement learning is impaired in unmedicated cases (Frank et al., 2007; 
Thoma et al., 2015; but see Luman et al., 2009; 2014) but normalises with methylphenidate 
(Frank et al., 2007). There is also evidence of impaired reversal or modification of learned 
stimulus-response (S-R) associations in ADHD (Itami & Uno, 2002) and abnormal neural 
processing of reinforcement information during learning, as indicated by atypical amplitudes 
of the feedback-related negativity (FRN; Miltner et al., 1997) and feedback-locked P2 (van 
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Meel et al., 2005) event-related (ERP) components (Hauser et al., 2014; Thoma et al., 2015; 
Umemoto et al., 2014). FRN and feedback-locked P2 amplitudes typically decrease during a 
learning episode, likely reflecting decreasing reliance on external performance-related 
feedback as a new behaviour becomes consolidated (Eppinger et al., 2009; Holroyd & Coles, 
2002; Groen et al., 2008; Shephard et al., 2014). These decreases are absent in young people 
with ADHD (Groen et al., 2008), suggesting they have difficulty learning a new behaviour 
and consequently rely on external performance feedback for longer than unaffected controls.  
This pattern of findings suggests that, at least in some individuals with ADHD, the ability to 
learn and modify behaviours by reinforcement as well as neural processing of reinforcement 
information is impaired in the absence of dopamine-agonist medication. 
Considering the evidence for altered reinforcement learning in TS and ADHD, 
research is needed to examine the profile of this neurocognitive function in TS+ADHD. 
Measuring the impact of co-occurring ADHD on the ability to modify learned behaviours in 
TS may be particularly important. This ability may play a key role in the modification of tics 
in behavioural therapies such as Habit-Reversal Therapy (HRT; Azrin & Nunn, 1973), which 
trains individuals to break associations between sensory cues and tic responses and learn to 
replace tics with non-tic actions or sounds.  
 In this study we investigated the ability to learn and modify behaviours by 
reinforcement in young people with TS, TS+ADHD, ADHD, and typically developing 
controls. Participants learned to associate visual stimuli with left/right hand responses using 
positive and negative feedback, and then reversed those S-R associations following an 
unexpected change in reinforcement contingencies. EEG was recorded throughout task 
performance to investigate neural correlates of learning and reversing behaviours. We used 
this task previously in typically developing individuals and found that amplitude of the 
stimulus-locked P3, which in the context of S-R learning is thought to reflect how strongly an 
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association has been consolidated (Rose et al., 2001; Shephard et al., 2014), and performance 
accuracy increased with initial learning, decreased following reversal, and increased once 
more as participants re-learned the reversed S-R associations (Shephard et al., 2014). 
Amplitude of the FRN decreased with initial learning, increased during reversal, and 
decreased with re-learning of the reversed associations (Shephard et al., 2014), which is 
consistent with changes in reliance on feedback information as the behaviours were 
consolidated. In the current study we used a 2 (TS-yes, TS-no) x 2 (ADHD-yes, ADHD-no) 
factorial design to investigate the effects of TS, ADHD, and their interaction on these indices 
of learning and reversing S-R associations. We also analysed amplitude of the feedback-
locked P2 given previous findings of diminished learning-related changes in this component 
in ADHD (Groen et al., 2008).  
We predicted that TS would be associated with hyper-learning of the S-R associations 
indexed by greater increases in accuracy and P3 amplitude and greater decreases in P2 and 
FRN amplitude during initial learning of the associations in those with TS (TS-yes) than 
those without (TS-no). We further predicted that TS would be associated with difficulty 
breaking those learned behaviours, reflected in greater decreases in accuracy and P3 
amplitude and greater increases in P2/FRN amplitude in TS-yes than TS-no during reversal. 
We predicted that ADHD would be associated with impairments in learning and reversing the 
S-R associations, reflected in smaller changes in accuracy and amplitude of the P3 and 
P2/FRN during S-R acquisition in ADHD-yes, and greater decreases in accuracy and 
amplitude of the P3 and larger increases in P2/FRN amplitude in ADHD-yes during reversal. 
Based on previous work on other cognitive functions in TS+ADHD (Greimel et al., 2011; 
Roessner et al., 2007; Shephard et al., 2015), we hypothesised that TS- and ADHD- related 
reinforcement learning atypicalities would be additive in TS+ADHD. This would be 
indicated by a lack of interactions between the TS-present and ADHD-present group factors.  
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2. Method 
2.1 Participants 
Sixty-eight 9-17 year-olds with TS (n=18), ADHD (n=13), TS+ADHD (n=17), or 
typical development (n=20, Control group) took part in this study. Participants had normal or 
corrected-to-normal vision and were free from neurological conditions such as epilepsy. 
Young people with TS, TS+ADHD and ADHD were recruited from Nottinghamshire and 
Lincolnshire Child and Adolescent Mental Health Services (CAMHS) and Tourette’s Action 
support groups. Typically developing participants were recruited from Nottinghamshire 
primary and secondary schools. Ethical approval for the study was obtained from University 
and NHS Research Ethics Committees and Research and Development departments of 
Nottinghamshire and Lincolnshire NHS trusts. In accordance with the Declaration of 
Helsinki, parental written informed consent with child’s written assent was obtained for 9-15 
year-olds; 16-17 year-olds provided written informed consent.  
Consultant psychiatrists or paediatricians provided information on existing clinical 
diagnoses of TS, TS+ADHD and ADHD, as well as other co-occurring conditions. The 
Development and Well-Being Assessment (DAWBA, Goodman et al., 2000) was used to 
confirm diagnoses and obtain further information on clinical or sub-clinical co-occurring 
symptomatology. The following co-occurring conditions were reported. TS: obsessive-
compulsive disorder (OCD) (3), obsessive-compulsive behaviours (5), depression (3), 
anorexia (1), anxiety disorder (1); TS+ADHD: OCD (2), oppositional defiant disorder (ODD) 
(5), anxiety disorder (2), dyslexia (1); ADHD: ODD (5), conduct disorder (2), dyslexia (1), 
dyspraxia (1). Young people with actual or possible diagnoses of an autism spectrum disorder 
(ASD) or learning disability, or who had IQs less than 70 on the Wechsler Abbreviated Scale 
of Intelligence (WASI, Wechsler, 1999) were excluded from the study due to the likelihood 
that these conditions would interfere with reinforcement learning processes (D’Cruz et al., 
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2014) and/or the ability to follow experimental instructions. The following combinations of 
medications were being received. TS: Clonidine (2), Fluoxetine + Clonidine (1), Aripiprazole 
(1), Citalopram (1); TS+ADHD: Clonidine + methylphenidate (1), methylphenidate (1), 
Aripiprazole (2), Fluoxetine (1); ADHD: methylphenidate (8), Atomoxetine (1), 
methylphenidate + Atomoxetine (1). Methylphenidate was withdrawn 24 hours prior to 
testing. All other medications were continued, leaving 5 participants with TS, 4 participants 
with TS+ADHD, and 2 participants with ADHD on non-stimulant medication when testing 
was conducted.  
Tic severity (past week) was assessed using the Motor, Phonic and Total 
(Motor+Phonic) scores from the Yale Global Tic Severity Scale (YGTSS; Leckman et al., 
1989). ADHD symptom severity (past 6 months) was measured with the ADHD Index from 
the parent-rated Conners Rating Scale Revised (CPRS-R; Conners et al., 1998) and the 
Hyperactivity scale from the Strengths and Difficulties Questionnaire (SDQ; Goodman, 
1997). Participants were assigned to clinical groups based on clinical diagnoses and scores on 
these measures. Thirty-five participants had a clinical diagnosis of TS or chronic motor tics. 
Of these, 10 participants also held a diagnosis of ADHD and were assigned to the TS+ADHD 
group. A further 7 participants with TS scored above-threshold for clinically significant 
symptoms on the ADHD rating scales (CPRS-R ADHD Index scores >/= 60; SDQ 
Hyperactivity scores >/= 7) and had a high predicted probability of having ADHD on the 
DAWBA (combined-type n=5, predominantly inattentive-type n=2) and were also assigned 
to the TS+ADHD group (n=17). The remaining 18 participants with TS formed the TS group; 
these young people did not have a diagnosis of ADHD and their scores on ADHD rating 
scales were below clinical thresholds. Thirteen participants held a diagnosis of ADHD 
combined-type with no co-occurring tics and were assigned to the ADHD group. Typically 
developing control participants were screened for symptoms of neurodevelopmental disorders 
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with the DAWBA and symptom rating scales. The groups were matched on age (+/- 8 
months), gender, handedness, and socioeconomic status (SES) (+/- 1 classification on the 
Office of National Statistics Socio-Economic Classification system, Rose & Pevalin, 2003). 
The participant demographics and symptom profiles are shown in Table 1. 
 
2.2 Learning and reversal task 
Participants completed a computerised reinforcement-based learning and reversal task 
(see Shephard et al., 2014) during EEG recording. Briefly, participants learned to associate 
four visual stimuli (cartoon characters) with left- or right- hand button presses (two stimuli 
per hand) by trial and error using performance feedback. Feedback was valid, that is, not 
probabilistic, on all trials. Stimulus-response (S-R) mappings were counterbalanced across 
participants. Three blocks of trials were presented for participants to acquire the S-R 
mappings. In a fourth block, the mappings reversed unexpectedly and participants used 
feedback to re-learn the reversed mappings. Finally, a fifth block of trials was presented in 
which participants consolidated the reversed mappings. Every task block contained 48 trials. 
Each S-R mapping was presented 12 times in random order in every block. Participants were 
instructed to find out which button-press they should make for each character and were 
awarded one point for every correct response; the number of points won was displayed at the 
end of each trial block. 
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Table 1 
Summary of clinical and socio-demographic characteristics for each participant group. Group means are presented with standard deviations in 
parentheses. 
 TS (n = 18) TS+ADHD (n = 17) ADHD (n = 13) Control (n = 20) Group differences 
Age (months) 158.1 (33.3) 148.2 (33.9) 168.5 (32.9) 156.3 (34.8) n/s 
Gender (% males) 77.8 94.1 92.3 80.0 n/s 
Handedness (% right 
handed) 
83.3 88.2 92.3 85.0 n/s 
SES 2.1 (1.4) 1.8 (1.2) 2.1 (1.4) 1.5 (1.1) n/s 
IQ 111.2 (11.8) 110.1 (10.2) 96.3 (15.6) 112.6 (11.2) ADHD < TS/TS+ADHD/ 
Controls * 
Motor tic severity 
(YGTSS Motor) 
13.6 (7.5) 12.2 (7.8) --- --- TS = TS+ADHD (n/s) 
Phonic tic severity 
(YGTSS Phonic) 
5.5 (5.8) 19.1 (8.9) --- --- TS < TS+ADHD** 
Total tic severity 
(YGTSS Total) 
19.1 (11.8) 28.1 (11.3) --- --- TS < TS+ADHD* 
CPRS-R ADHD Index
a 54.0 (9.0) 71.4 (9.2) 76.1 (16.0) 47.6 (6.5) TS+ADHD/ADHD > 
TS/Controls** 
SDQ Hyperactivity 4.6 (3.1) 5.9 (3.1) 8.3 (2.0) 2.6 (2.6) ADHD > TS/Controls** 
TS+ADHD > Controls** 
* = significant at the p < .05 level. ** = significant at the p < .01 level. 
a 
Scores above 60 on the CPRS-R ADHD scale are considered to be clinically significant.  
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2.3 Behavioural measures of learning performance  
 Learning performance was assessed using the variables accuracy, defined as the 
percentage of correct trials in each learning block (1-5) and RT, the median response time 
(ms) for correct trials in each block. Participants with scores 2.5 SD outside of the group 
mean on these measures were considered to be outliers.  
 
2.4 Electrophysiological recording 
 Electroencephalography was recorded continuously during task performance from 
128 Ag/AgCl scalp electrodes placed according to the 5-20 system (Oostenveld & Praamstra, 
2001) using a Biosemi Active II recording system (Biosemi, Amsterdam, the Netherlands). 
The data were referenced online to the common mode sense electrode located to the left of Cz 
on the scalp and sampled at 512Hz. Flat sintered Ag/AgCl electrodes were placed on the 
inner orbital ridge and outer canthus of each eye and the left and right mastoids to record 
ocular and non-ocular artefacts. Electrode offsets were kept below 50KΩ throughout.  
 
2.5 Electrophysiological measures of learning 
 EEG data were processed offline using Brain Vision Analyzer version 2.3 (Brain 
Products, Munich, Germany). Flat or noisy channels were removed before re-referencing to 
the average reference and filtering with 0.5Hz high-pass, 30Hz low-pass, notch 50Hz 
Butterworth 24dB/Oct filters. Independent Components Analysis (ICA) was used to identify 
and remove ocular artefacts from the data. Following ICA the data were segmented into 
learning blocks (1-5). Within each learning block, stimulus- and feedback- locked epochs 
were created by segmenting the data in time from -200ms to +1000ms around stimulus and 
feedback onset respectively. Epochs with amplitudes +/- 90µv were rejected. The remaining 
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epochs were baseline corrected using the -200 to 0 ms period before stimulus/feedback onset 
and averaged to create stimulus- and feedback- locked ERPs. Only epochs in which a correct 
response was made were included in averages. Participants with fewer than 15 artefact-free 
correct trials were excluded.  
Electrophysiological measures of learning were the stimulus-locked P3 and the 
feedback-locked P2 and FRN components. To facilitate measurement of the FRN and 
following previous research (Umemoto et al., 2014), the data used for feedback-locked 
processing were filtered with a 20Hz low-pass Butterworth 24dB/Oct filter after ICA. 
Following parameters used in previous research and inspection of grand and individual 
averages, the components were identified as follows: P3, the most positive peak within 300-
600ms post-stimulus at Pz; P2: the most positive peak within 170-250ms post-feedback at Fz; 
FRN: the most negative peak within 200-400ms post-feedback at FCz. Peak amplitude, 
defined as the mean of +/- 30ms around peak amplitude, was used to measure the P3. Peak-
to-peak measures were used for the feedback-locked components. The P2 was measured with 
respect to the preceding N1 (most negative peak within 70-180ms post-feedback). The FRN 
was measured with respect to the preceding positive peak, the P2. Participants with 
amplitudes greater than 2.5 SD outside of the group mean were considered outliers. 
  
2.6 Statistical analysis  
 To test the hypothesis that TS is associated with enhanced learning and ADHD is 
associated with impaired learning, behavioural (accuracy, RT) and electrophysiological (P3, 
P2, FRN) measures from the acquisition phase of the task (blocks 1-3) were subjected to 2 x 
2 factorial ANCOVA models. The between-groups factors were TS-present with the levels 
TS-yes and TS-no, and ADHD-present with the levels ADHD-yes and ADHD-no. Block 
(task blocks 1-3) was included as a repeated, within-subjects measure. To test the hypothesis 
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that both TS and ADHD are associated with impaired reversal learning, behavioural and 
electrophysiological measures from the reversal phase of the task (blocks 3-5) were subjected 
to 2 x 2 factorial ANCOVA models as described above. Greenhouse-Geisser corrections for 
violations of sphericity were applied where appropriate. Significant main effects of block 
were further investigated using repeated contrasts between successive learning blocks (blocks 
1-2, 2-3, 3-4, 4-5) with Sidak correction applied to control for multiple comparisons. 
Significant main effects of TS-present and ADHD-present and interactions between these 
factors and block were further investigated with planned pairwise contrasts with Sidak 
correction applied. Covariates in the models were age, due to previous findings that learning 
and reversing S-R associations improves with age (Shephard et al., 2014), and IQ due to 
group differences in IQ (ADHD < TS, TS+ADHD, controls; table 1). IQ was non-significant 
in all models and was therefore removed as a covariate.    
 We conducted a set of correlational analyses to further understand how behavioural 
and ERP markers of learning were related to each other in the whole sample, and how tic and 
ADHD symptoms were related to these measures of learning in the TS-yes and ADHD-yes 
groups respectively. Pearson correlation coefficients were computed between accuracy and 
amplitudes of the stimulus-locked P3 and the feedback-locked P2 and FRN in blocks 1 and 4, 
the blocks in which the most learning and modification of learned behaviours occurs, in all 
participants. Within participants with TS-yes (TS, TS+ADHD), Pearson correlation 
coefficients were computed between YGTSS total tic severity (motor+phonic tics) and 
learning measures (accuracy, RT, and amplitudes of the P3, P2 and FRN) in blocks 1 and 4. 
Within participants with ADHD-yes (ADHD, TS+ADHD), Pearson correlations coefficients 
were computed between these learning measures in blocks 1 and 4 and CPRS-R ADHD 
Index scores.  The effects of age were partialled out in all correlations.  
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3. Results 
3.1 Behavioural learning performance 
One participant with TS, one participant with TS+ADHD, and one control participant 
produced outlying scores on performance measures and were excluded from all analyses. 
Thus, analyses of behavioural learning performance were conducted on a final sample of 17 
TS, 16 TS+ADHD, 13 ADHD and 19 controls. 
 
3.1.1 Acquisition phase 
 Factorial ANCOVAs revealed that accuracy tended to increase across the first three 
task blocks (F (1.7, 99.7) = 2.87, p = .07, η2 = .046), indicating all participants gradually 
learned the S-R mappings in the acquisition phase (figure 1). RT did not change significantly 
with learning block (p > .6) (figure 1).  The ADHD-present factor had a significant effect on 
accuracy (F (1, 60) = 10.84, p = .002, η2 = .153), with lower accuracy in ADHD-yes than 
ADHD-no across the acquisition phase of the task (figure 1). There was no effect of ADHD-
present on RT (p > .8). The effect of TS-present, TS-present*ADHD-present interaction, and 
interactions between group factors and block were non-significant (all p > .1). There were 
significant main effects of age on accuracy (F (1, 60) = 5.17, p = .03, η2 = .079) and RT (F (1, 
60) = 4.11, p = .05, η2 = .064). 
 
     [FIGURE 1 HERE] 
 
3.1.2 Reversal phase 
 There were significant main effects of block on accuracy (F (1.7, 103.6) = 4.49, p = 
.02, η2 = .070) and RT (F (2, 120) = 7.16, p = .001, η2 = .107) in the reversal phase (blocks 3 
to 5). Across participants, accuracy decreased (p = .01) and RT increased (p = .004) in the 
15 
 
reversal block (block 4) compared with the preceding learning block (block 3) (figure 1). 
There was a trend for accuracy to increase (p = .07) with the consolidation of the reversed 
mappings in block 5 compared with block 4. There was a significant main effect of ADHD-
present on accuracy (F (1, 60) = 20.30, p < .001, η2 = .253); participants with ADHD-yes had 
significantly lower accuracy across the reversal phase than ADHD-no. This effect was 
qualified by a significant interaction between ADHD-present and block (F (1.7, 103.6) = 
6.74, p = .003, η2 = .103). To further investigate this interaction, accuracy was compared 
between blocks 3, 4 and 5 at each level of the ADHD factor (ADHD-yes, ADHD-no). This 
analysis revealed that all participants showed significant decreases in accuracy with reversal 
(block 3 versus block 4; ADHD-yes: p = .001; ADHD-no: p = .004) and increases in 
accuracy in the consolidation block (block 4 versus block 5; ADHD-yes: p < .001; ADHD-
no: p = .004) but participants with ADHD-yes also showed significantly lower accuracy in 
block 5 compared with the pre-reversal block 3 (p = .001) whereas participants with ADHD-
no showed no such difference (p > .7). This indicates that participants with ADHD were 
unable to regain the level of accuracy they had achieved prior to the reversal of the S-R 
mappings (figure 1). There was no effect of ADHD-present on RT (p > .5). The effect of TS-
present, TS-present*ADHD-present interaction, and interactions between remaining group 
factors and block were non-significant for accuracy and RT (all p > .1). Age had a significant 
effect on accuracy (F (1, 60) = 11.35, p = .001, η2 = .159) and RT (F (1, 60) = 8.63, p = .005, 
η2 = .126) but did not interact with Block.  
 
3.2 Electrophysiological measures of learning 
One participant with TS+ADHD and three participants with ADHD had fewer than 15 
artefact-free correct trials and were excluded from ERP analysis. Additionally, one control 
participant produced outlying amplitudes for the P3 and was excluded from analysis of this 
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component. One participant with ADHD produced outlying amplitudes for the P2 and FRN 
and was excluded from analysis of these components. After these exclusions, analysis of the 
P3 was conducted on 17 TS, 15 TS+ADHD, 10 ADHD and 18 controls; analysis of the 
feedback-locked P2 and FRN was conducted on 17 TS, 15 TS+ADHD, 9 ADHD, and 19 
controls.  
 
3.2.1 Acquisition phase 
 Group means for amplitudes of the P3, feedback-locked P2 and FRN are plotted by 
learning block in figure 2; grand average waveforms for these components are presented in 
figures 3-5. There were significant main effects of block on amplitude of the feedback-locked 
P2 (F (1.5, 83.0) = 3.79, p = .04, η2 = .064) and FRN (F (1.7, 93.3) = 6.58, p = .004, η2 = 
.107) (figures 2, 4, 5). Further investigation of these main effects with repeated contrasts 
between successive learning blocks revealed that P2 amplitude significantly decreased across 
blocks 1 to 2 (p = .02) but not blocks 2 to 3 (p > .3), while FRN amplitude tended to decrease 
across blocks 1 to 2 (p = .08) and significantly decreased across blocks 2 to 3 (p = .03). 
Amplitude of the P3 did not change with learning block in the acquisition phase (p > .15) 
(figures 2-3). The effects of TS-present and ADHD-present, interactions between the group 
factors, and interactions between group factors and block were non-significant in the 
acquisition phase (all p > .15). Age had a significant effect on amplitude of the P2 (F (1, 55) 
= 27.31, p < .001, η2 = .332) and FRN (F (1, 55) = 13.31, p = .001, η2 = .195) but did not 
interact with Block.     
 
[FIGURES 2-5 HERE] 
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3.2.2 Reversal phase 
 Amplitudes of the P3, feedback-locked P2, and FRN did not change with block in the 
reversal phase (all p > .2) (figures 2-5). The ADHD-present factor had a trend-level effect on 
amplitude of the P3 across the reversal phase with a medium effect size (F (1, 55) = 3.32, p = 
.07, η2 = .057), reflecting smaller P3 amplitudes in ADHD-yes than ADHD-no (figures 2-3). 
There was a trend-level TS-present*ADHD-present interaction for the feedback-locked P2, 
with a medium effect size (F (1, 55) = 3.49. p = .07, η2 = .060). While this effect did not quite 
reach statistical significance, we cautiously conducted follow-up analysis due to the medium 
effect size and relevance to our study hypotheses. Planned pairwise contrasts were conducted 
to compare the levels of each factor and revealed that within ADHD-no, participants with TS-
yes (TS group) had significantly smaller P2 amplitudes than participants with TS-no (control 
group) (p = .01) (figures 2, 4). Further, within TS-yes, participants with ADHD-no (TS 
group) had significantly smaller P2 amplitudes than participants with ADHD-yes 
(TS+ADHD group) (p = .02) (figures 2, 4). This pattern of effects indicates smaller P2 
amplitudes in the TS group than control and TS+ADHD groups, although the initial 
interaction did not reach the p<.05 threshold and so the effect must be interpreted with this in 
mind. There were no other main effects of group, interactions between the group factors, or 
interactions between group factors and block (all p > .1). Age had a significant effect on 
amplitude of the P3 (F (1, 55) = 3.93, p = .05, η2 = .067), P2 (F (1, 55) = 19.38, p < .001, η2 = 
.261), and FRN (F (1, 55) = 10.05, p = .002, η2 = .154) but did not interact with block. 
 
3.3 Relationships between behavioural and electrophysiological measures 
  In all participants, amplitude of the FRN was significantly positively correlated with 
accuracy in block 1 (r (57) = .255, p = .05, r
2
 = .065) and block 4 (r (57) = .491, p < .001, r
2
 = 
.241), indicating that participants with the highest accuracy during acquisition and reversal of 
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the S-R associations had the smallest (least negative) FRN. Relationships between accuracy 
and amplitudes of the stimulus-locked P3 and feedback-locked P2 were non-significant (all p 
> .2).  
 
3.4 Relationships between symptomatology and learning 
There were no significant relationships between tic severity and learning measures in 
participants with TS-yes (all p > .15). However, in participants with ADHD-yes (ADHD, 
TS+ADHD), ADHD severity was significantly positively correlated with amplitude of the 
feedback-locked P2 in block 1 (r (18) = .462, p = .04, r
2
 = .213) and significantly negatively 
correlated with FRN amplitude in blocks 1 (r (18) = -.479, p = .03, r
2
 = .229) and 4 (r (18) = -
.457, p = .04, r
2
 = .209), indicating that young people with the most severe ADHD symptoms 
displayed the largest amplitudes of the feedback-related components at these challenging 
points in learning and reversing the S-R associations. The remaining correlations between 
ADHD severity and learning measures were non-significant.  
 
4. Discussion 
 The current study investigated disturbances in learning and modifying behaviours by 
reinforcement in young people with TS, TS+ADHD and ADHD in comparison with typically 
developing young people. The effects of TS, ADHD, and their interaction on behavioural and 
ERP correlates of learning and reversing S-R associations were investigated using a factorial 
approach. Before discussing these effects, it is worth noting that the task elicited the expected 
learning- and reversal-related changes in behaviour and ERPs in this sample. Participants’ 
accuracy increased as they learned the S-R associations in the acquisition phase (blocks 1-3), 
although this did not quite reach the significance threshold of .05. Concurrently, amplitudes 
of the feedback-locked P2 and FRN decreased significantly, likely reflecting decreasing 
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reliance on feedback information as the participants learned the mappings. Performance 
(accuracy, RT) was impaired by the requirement to reverse the S-R associations in block 4, 
but improved as the reversed mappings were re-learned in block 5. Consistent with our 
previous study (Shephard et al., 2014), participants achieving the highest accuracy in the first 
acquisition block and in the reversal block (block 4) had the smallest FRN amplitudes, which 
might reflect less reliance on feedback in these “fast learners”. 
 
4.1 TS-related effects on reinforcement learning  
 In contrast to our hypothesis and previous findings in adults with TS (Delorme et al., 
2015; Palminteri et al., 2009; 2011), there was no effect of TS on behavioural or ERP 
measures of learning in the acquisition phase or on performance in the reversal phase, 
indicating that young people with TS learned the S-R associations in a typical manner and 
had no difficulty reversing and re-learning the associations. It is possible that learning the S-
R associations in our task engaged primarily flexible, goal-directed reinforcement learning 
processes that are under cognitive control, an ability that appears to be spared in TS (Jackson 
et al., 2007; 2011; Roessner et al., 2008; Shephard et al., 2015), rather than more rigid and 
inflexible habit-learning mechanisms that are proposed to be hyper-active in TS and to 
underlie tics (Leckman & Riddle, 2000; Maia & Frank, 2011). It will be important for future 
work to further investigate reinforcement learning processes underlying tic formation and 
maintenance with a range of habit-based and goal-directed learning tasks in young people 
with the disorder.   
 The only difference we detected in TS was smaller P2 amplitudes during the reversal 
phase in the TS group compared with the TS+ADHD and control groups. We stress that this 
effect must be interpreted with caution because although the pairwise group contrasts were 
significant, they followed a trend-level group interaction. Our tentative interpretation of this 
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effect is that because young people with TS achieved the same level of behavioural 
performance as controls while simultaneously processing the feedback stimuli to a lesser 
extent (relying on the feedback less than controls), they may have been exhibiting better 
reversal learning ability than their typically developing peers. This pattern of effects is 
consistent with intact, and in some cases enhanced, cognitive control over motor behaviour 
young people with TS exhibit during experimental tasks (Baym et al., 2008; Greimel et al., 
2011; Jackson, et al., 2007; 2011; Marsh et al., 2007; Ozonoff & Jensen, 1999; Ray Li et al., 
2006; Roessner et al., 2008; Shephard et al., 2015), and might indicate that good cognitive 
control can also be exercised during learning contexts. Whether young people with TS can so 
easily control behaviours learned by habit-formation mechanisms will be a key question to 
address in future work. The absence of the P2 amplitude reduction in TS+ADHD may be 
explained by ADHD-related impairments in reversal learning, discussed in the following 
section. Further work is needed to attempt to replicate this finding in larger samples, 
particularly as the initial interaction did not quite reach significance. The medium effect size 
reported here suggests that this finding is worth investigating further.  
 
4.2 ADHD-related effects on reinforcement learning  
 In contrast to our hypothesis of impaired learning in ADHD, but consistent with 
previous research (Groen et al., 2008; Luman et al., 2009; 2014; Umemoto et al., 2014), 
young people with ADHD learned the S-R associations at the same rate as young people 
without ADHD during the acquisition phase. The lower overall level of accuracy 
performance in ADHD-yes may be explained by more general difficulties concentrating on 
the task rather than a reinforcement learning impairment. However, the correlations between 
ADHD severity and FRN and P2 amplitude in the first learning block are suggestive of a 
subtle atypicality in reinforcement learning. Participants with TS+ADHD and ADHD with 
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the most severe symptoms exhibited the largest amplitudes of the P2 and FRN, which might 
reflect an over-reliance on external feedback to produce the correct responses in these young 
people as reported previously (Groen et al., 2008).  
 As predicted, participants with ADHD-yes were significantly impaired by the 
requirement to reverse and re-learn the S-R associations and were unable to regain the same 
level of accuracy they had achieved prior to reversal. Furthermore, FRN amplitude was 
largest in participants with the most severe ADHD during the first block following the 
reversal in reinforcement contingencies (task block 4), suggesting that young people with the 
most severe symptoms relied more on feedback to reverse the mappings. There was also a 
trend for smaller P3 amplitude during the reversal phase in participants with ADHD-yes. This 
effect should be interpreted with caution given that it did not quite reach statistical 
significance. We tentatively suggest that the amplitude reduction might reflect weaker 
consolidation of the S-R associations or less attention to the stimuli during the reversal phase 
in participants with ADHD. This finding was associated with a medium effect size but 
requires further replication in larger samples. 
Importantly, the ADHD-related effects on learning and reversing the S-R associations 
were not qualified by interactions between the ADHD-present and TS-present group factors. 
This demonstrates that young people with TS+ADHD showed the same level of performance 
during the acquisition phase and the same impairment in reversing and re-learning the 
associations as young people with ADHD without tics. This indicates that co-occurring 
ADHD symptoms significantly impair the ability to modify learned behaviours in TS. This 
impairment may also be related to the involvement of other cognitive processes in reversal 
learning, such as motor inhibition. While motor inhibition is intact in young people with TS 
(Baym et al., 2008; Marsh et al., 2007; Ozonoff & Jensen, 1999; Ray Li et al., 2006; 
Roessner et al., 2008; Shephard et al., 2015), it has repeatedly been reported to be impaired in 
22 
 
ADHD (e.g. Holmes et al., 2010; Groom et al., 2010) and TS+ADHD (Greimel et al., 2011; 
Roessner et al., 2007; Shephard et al., 2015; Sukhodolsky et al., 2010). Such impairments 
may exacerbate difficulties controlling learned behaviours during reversal learning. 
These findings have implications for the clinical treatment of tics in TS+ADHD: 
behavioural therapies that rely on the ability to modify tic behaviours, including HRT, may 
be less successful in young people with TS+ADHD because of underlying difficulties with 
the ability to alter behaviours, in addition to their difficulties with attention and impulsivity. 
Young people with TS+ADHD may also have difficulty with learning new behaviours by 
reinforcement, as indicated by the overall levels of lower accuracy in producing the correct S-
R associations in the acquisition phase. This too may influence how well these young people 
can engage in behavioural therapies that require replacing tic behaviours with newly learned 
non-tic behaviours. The findings are also important from a theoretical perspective in terms of 
understanding the basis of TS+ADHD. An intriguing question is how opposing atypicalities 
in neurocognitive mechanisms, such as reinforcement learning, manifest in young people 
with both disorders. One possibility is that hyper-learning associated with TS and impaired 
learning associated with ADHD would cancel each other out, and therefore learning would be 
unaffected in individuals with TS+ADHD. However, the current findings do not support this 
and instead indicate that the expression of learning (and potentially other neurocognitive) 
atypicalities in these individuals is more complex.  
 
4.3 Limitations and future directions 
There were a number of limitations to the current study. Firstly, our sample sizes for 
the clinical groups, particularly the ADHD group, were modest and this should be considered 
when interpreting our findings. It should be noted however that we maximised the power to 
measure the effects of TS and ADHD by using a 2 x 2 factorial analysis, which ensured that 
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these main effects were analysed in samples of no less than 26. The correlational analyses 
were also adequately powered and were crucial to measuring the impact of co-occurring 
ADHD on TS. Further, the participants were carefully recruited and characterised with 
phenotypic measures, resulting in well-defined clinical samples. This feature of the study 
ensured that our samples, although moderate in size, were representative of the clinical 
phenotype of TS, TS+ADHD and ADHD, thereby enhancing the reliability of our findings. 
Nevertheless, our findings require further investigation in larger samples appropriately 
powered to investigate interactions between TS and ADHD.  
A second limitation is that we were unable to examine the influence of co-occurring 
OCD symptoms on reinforcement learning in the young people with TS and TS+ADHD 
because the number of these young people with co-occurring OCD was insufficient for 
analysis. OCD has been associated with impairments in reinforcement learning (e.g. 
Remijnse et al., 2006) and previous work has demonstrated that co-occurring OCD symptoms 
significantly impair reinforcement learning, as well as underlying neural activity, in adults 
with TS (Worbe et al., 2011). Since OCD frequently co-occurs with TS (Hirschtritt et al., 
2015), it will be important for further research to investigate the effects of these symptoms on 
both habit-formation and goal-directed reinforcement learning processes in TS and 
TS+ADHD.  
A final limitation is that although none of the participants were taking dopamine 
antagonists and methylphenidate was withdrawn prior to testing, a small number were taking 
other medications (e.g. aripiprazole) that could not be withdrawn and may have influenced 
the neurotransmitter systems underlying reinforcement learning. Future research with larger 
sample sizes will be needed to assess the effects of such medications on reinforcement 
learning in young people with TS and TS+ADHD. It would also be particularly interesting to 
examine whether administration of methylphenidate “normalises” the reversal learning 
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impairment in young people with TS+ADHD as this would have implications for the 
treatment of individuals with these co-occurring conditions, for example methylphenidate 
may help these young people with engaging in HRT for tics.  
 
5. Conclusions 
 Co-occurring ADHD symptoms significantly impaired the reversal of learned 
stimulus-response associations in young people with TS+ADHD. Furthermore, young people 
with TS+ADHD and ADHD with the most severe ADHD symptoms showed greater 
processing of feedback information reflected in the P2 and FRN, suggesting a greater 
dependence on feedback when reversing learned associations. In contrast, young people with 
TS without co-occurring ADHD showed reduced neural processing of feedback during 
reversal learning with normal performance. These findings suggest that HRT and other 
behavioural tic therapies that require modification of established tic behaviours might be less 
successful in young people with co-occurring ADHD symptoms due to underlying 
impairments in reinforcement learning mechanisms.  
Conflicts of interests 
 The authors have no conflicts of interests.  
Acknowledgements 
 We wish to thank the young people and their families who participated in this 
research, our colleagues at the University of Nottingham (Jane Fowlie, Chris Hollis, Joe 
Kilgariff) for assistance with recruitment, and Tiffanee Riley for assistance with data 
collection. This research was supported by a PhD studentship awarded to ES from the 
University of Nottingham and a research grant awarded to MJG from Shire Pharmaceuticals 
plc. The funding sources had no involvement in the work beyond financial support.  
  
25 
 
References 
American Psychiatric Association. (2013). Diagnostic and Statistical Manual of Mental 
Disorders: DSM-5. American Psychiatric Association. 
Azrin, N. H., & Nunn, R. G. (1973). Habit-reversal: A method of eliminating nervous habits 
and tics. Behav Res  Ther, 11(4), 619–628. http://doi.org/10.1016/0005-7967(73)90119-8 
Baym, C. L., Corbett, B. A., Wright, S. B., & Bunge, S. A. (2008). Neural correlates of tic 
severity and cognitive control in children with Tourette syndrome. Brain, 131(1), 165-179. 
Buse, J., Schoenefeld, K., Münchau, A., & Roessner, V. (2013). Neuromodulation in Tourette 
syndrome: Dopamine and beyond. Neurosci Biobehav R, 37(6), 1069–1084. 
http://doi.org/10.1016/j.neubiorev.2012.10.004 
Channon, S., Gunning, A., Frankl, J., & Robertson, M. M. (2006). Tourette’s syndrome (TS): 
Cognitive performance in adults with uncomplicated TS. Neuropsychology, 20(1), 58–65. 
http://doi.org/10.1037/0894-4105.20.1.58 
Channon, S., Sinclair, E., Waller, D., Healey, L., & Robertson, M. M. (2004). Social 
cognition in Tourette’s syndrome: intact theory of mind and impaired inhibitory 
functioning. Journal of autism and developmental disorders, 34(6), 669-677. 
Cirino, P. T., Chapieski, L. M., & Massman, P. J. (2000). Card sorting performance and 
ADHD symptomatology in children and adolescents with Tourette syndrome. Journal of 
Clinical and Experimental Neuropsychology,22(2), 245-256. 
Conelea, C. A., Woods, D. W., Zinner, S. H., Budman, C., Murphy, T., Scahill, L. D., 
Walkup, J. (2010). Exploring the Impact of Chronic Tic Disorders on Youth: Results from 
the Tourette Syndrome Impact Survey. Child Psychiat Hum D, 42(2), 219–242. 
http://doi.org/10.1007/s10578-010-0211-4 
26 
 
Conners, C. K., Sitarenios, G., Parker, J. D. A., & Epstein, J. N. (1998). The Revised 
Conners’ Parent Rating Scale (CPRS-R): Factor Structure, Reliability, and Criterion Validity. 
J Abnorm Child Psych, 26(4), 257–268. http://doi.org/10.1023/A:1022602400621 
Crawford, S., Channon, S., & Robertson, M. M. (2005). Tourette’s syndrome: performance 
on tests of behavioural inhibition, working memory and gambling. J Child Psychol 
Psychiatry, 46(12), 1327–1336. http://doi.org/10.1111/j.1469-7610.2005.01419.x 
D'Cruz, A. M., Ragozzino, M. E., Mosconi, M. W., Shrestha, S., Cook, E. H., & Sweeney, J. 
(2013). Reduced behavioral flexibility in autism spectrum disorders. Neuropsychology, 27(2), 
152-160. http://dx.doi.org/10.1037/a0031721 
Debes, N., Hjalgrim, H., & Skov, L. (2010). The Presence of Attention-Deficit Hyperactivity 
Disorder (ADHD) and Obsessive-Compulsive Disorder Worsen Psychosocial and 
Educational Problems in Tourette Syndrome. J Child Neurol, 25(2), 171–181. 
http://doi.org/10.1177/0883073809336215 
Delorme, C., Salvador, A., Valabregue, R., Roze, E., Palminteri, S., Vidailhet, M., de Wit, S., 
Robbins, T., Hartmann, A. & Worbe, Y. (2015).  Enhanced Habit Formation in Gilles de la 
Tourette Syndrome. Brain, awv307. 
Eddy, C. M., & Cavanna, A. E. (2014). Set-Shifting Deficits A Possible Neurocognitive 
Endophenotype for Tourette Syndrome Without ADHD.Journal of attention disorders, 
1087054714545536. 
Eppinger, B., Mock, B., & Kray, J. (2009). Developmental differences in learning and error 
processing: Evidence from ERPs. Psychophysiology, 46(5), 1043–1053. 
http://doi.org/10.1111/j.1469-8986.2009.00838.x 
Frank, M. J., Santamaria, A., O’Reilly, R. C., & Willcutt, E. (2006). Testing Computational 
Models of Dopamine and Noradrenaline Dysfunction in Attention Deficit/Hyperactivity 
Disorder. Neuropsychopharmacol, 32(7), 1583–1599. http://doi.org/10.1038/sj.npp.1301278 
27 
 
Freeman, R. D., & Consortium, T. S. I. D. (2007). Tic disorders and ADHD: answers from a 
world-wide clinical dataset on Tourette syndrome. Eur Child Adoles Psy, 16(9), 15–23. 
http://doi.org/10.1007/s00787-007-1003-7 
Goodman, R. (1997). The Strengths and Difficulties Questionnaire: A Research Note. J Child 
Psychol Psyc, 38(5), 581–586. http://doi.org/10.1111/j.1469-7610.1997.tb01545.x 
Goodman, R., Ford, T., Richards, H., Gatward, R., & Meltzer, H. (2000). The Development 
and Well-Being Assessment: Description and Initial Validation of an Integrated Assessment 
of Child and Adolescent Psychopathology. J Child Psychol Psychiatry, 41(05), 645–655.  
Greimel, E., Wanderer, S., Rothenberger, A., Herpertz-Dahlmann, B., Konrad, K., & 
Roessner, V. (2011). Attentional Performance in Children and Adolescents with Tic Disorder 
and Co-Occurring Attention-Deficit/Hyperactivity Disorder: New Insights from a 2 × 2 
Factorial Design Study. J Abnorm Child Psych, 39(6), 819–828. 
http://doi.org/10.1007/s10802-011-9493-7 
Groen, Y., Wijers, A. A., Mulder, L. J. M., Waggeveld, B., Minderaa, R. B., & Althaus, M. 
(2008). Error and feedback processing in children with ADHD and children with Autistic 
Spectrum Disorder: An EEG event-related potential study. Clinical Neurophysiol, 119(11), 
2476–2493. http://doi.org/10.1016/j.clinph.2008.08.004 
Groom, M. J., Scerif, G., Liddle, P. F., Batty, M. J., Liddle, E. B., Roberts, K. L., ... & Hollis, 
C. (2010). Effects of motivation and medication on electrophysiological markers of response 
inhibition in children with attention-deficit/hyperactivity disorder. Biological 
psychiatry, 67(7), 624-631. 
Hauser, T.U., Iannaccone, R., Ball, J., Mathys., C., Brandeis, D., Walitza, S., & Brem., S. 
(2014). Role of the medial prefrontal cortex in impaired decision making in juvenile 
attention-deficit/hyperactivity disorder. J Am Acad Child Adolesc Psychiatry, 71(10), 1165–
1173. http://doi.org/10.1001/jamapsychiatry.2014.1093 
28 
 
Hirschtritt, M.E., Lee, P.C., Pauls, D.L., & et al. (2015). Lifetime prevalence, age of risk, and 
genetic relationships of comorbid psychiatric disorders in Tourette syndrome. J Am Acad 
Child Adolesc Psychiatry, 72(4), 325–333. http://doi.org/10.1001/jamapsychiatry.2014.2650 
Holmes, J., Gathercole, S. E., Place, M., Alloway, T. P., Elliott, J. G., & Hilton, K. A. (2010). 
The diagnostic utility of executive function assessments in the identification of ADHD in 
children. Child and Adolescent Mental Health,15(1), 37-43. 
Holroyd, C. B., & Coles, M. G. H. (2002). The neural basis of human error processing: 
reinforcement learning, dopamine, and the error-related negativity. Psychological Rev, 
109(4), 679–709. 
Jackson, G. M., Mueller, S. C., Hambleton, K., & Hollis, C. P. (2007). Enhanced cognitive 
control in Tourette Syndrome during task uncertainty. Exp Brain Res, 182(3), 357–364. 
http://doi.org/10.1007/s00221-007-0999-8 
Jackson, S. R., Parkinson, A., Jung, J., Ryan, S. E., Morgan, P. S., Hollis, C., & Jackson, G. 
M. (2011). Compensatory Neural Reorganization in Tourette Syndrome. Curr Biol, 21(7), 
580–585. http://doi.org/10.1016/j.cub.2011.02.047 
Johansen, E. B., Killeen, P. R., Russell, V. A., Tripp, G., Wickens, J. R., Tannock, R., 
Sagvolden, T. (2009). Origins of altered reinforcement effects in ADHD. Behav Brain Funct, 
5(7).  
Kehagia, A. A., Murray, G. K., & Robbins, T. W. (2010). Learning and cognitive flexibility: 
frontostriatal function and monoaminergic modulation. Current Opin Neurobiol, 20(2), 199–
204. http://doi.org/10.1016/j.conb.2010.01.007 
Kéri, S., Szlobodnyik, C., Benedek, G., Janka, Z., & Gádoros, J. (2002). Probabilistic 
classification learning in Tourette syndrome. Neuropsychologia, 40(8), 1356–1362. 
http://doi.org/10.1016/S0028-3932(01)00210-X 
29 
 
Leckman, J. F., & Riddle, M. A. (2000). Tourette’s Syndrome: When Habit-Forming Systems 
Form Habits of Their Own? Neuron, 28(2), 349–354. http://doi.org/10.1016/S0896-
6273(00)00114-8 
Leckman, J. F., Riddle, M. A., Hardin, M. T., Ort, S. I., Swartz, K. L., Stevenson, J., & 
Cohen, D. J. (1989). The Yale Global Tic Severity Scale: Initial Testing of a Clinician-Rated 
Scale of Tic Severity. J Am Acad Child Adolesc Psychiatry, 28(4), 566–573. 
http://doi.org/10.1097/00004583-198907000-00015 
Lombroso, P. J., Scahill, L., King, R. A., Lynch, K. A., Chappell, P. B., Peterson, B. S., 
Leckman, J. F. (1995). Risperidone Treatment of Children and Adolescents with Chronic Tic 
Disorders: A Preliminary Report. J Am Acad Child Adolesc Psychiatry, 34(9), 1147–1152. 
http://doi.org/10.1097/00004583-199509000-00011 
Luman, M., Goos, V., & Oosterlaan, J. (2014). Instrumental Learning in ADHD in a Context 
of Reward: Intact Learning Curves and Performance Improvement with Methylphenidate. J 
Abnorm Child Psychol, 43(4), 681–691. http://doi.org/10.1007/s10802-014-9934-1 
Luman, M., Van Meel, C. S., Oosterlaan, J., Sergeant, J. A., & Geurts, H. M. (2009). Does 
reward frequency or magnitude drive reinforcement-learning in attention-deficit/hyperactivity 
disorder? Psychiatry Res, 168(3), 222–229. http://doi.org/10.1016/j.psychres.2008.08.012 
Maia, T. V., & Frank, M. J. (2011). From reinforcement learning models to psychiatric and 
neurological disorders. Nat Neurosci, 14(2), 154–162. http://doi.org/10.1038/nn.2723 
Marsh, R, Alexander, G.M., Packard, M.G., Zhu, H., Wingard, J.C., Quackenbush, J.C., & 
Peterson, B.S. (2004). Habit learning in Tourette syndrome: A translational neuroscience 
approach to a developmental psychopathology. Archives Gen. Psychiatry, 61(12), 1259–
1268. http://doi.org/10.1001/archpsyc.61.12.1259 
30 
 
Marsh, R., Zhu, H., Wang, Z., Skudlarski, P., & Peterson, B. S. (2007). A developmental 
fMRI study of self-regulatory control in Tourette’s syndrome. The American journal of 
psychiatry, 164(6), 955-966. 
McGuire, J. F., Piacentini, J., Brennan, E. A., Lewin, A. B., Murphy, T. K., Small, B. J., & 
Storch, E. A. (2014). A meta-analysis of behavior therapy for Tourette Syndrome. Journal of 
Psychiatric Research, 50, 106–112. http://doi.org/10.1016/j.jpsychires.2013.12.009 
Miltner, W. H. R., Braun, C. H., & Coles, M. G. H. (1997). Event-Related Brain Potentials 
Following Incorrect Feedback in a Time-Estimation Task: Evidence for a ‘Generic’ Neural 
System for Error Detection. J Cognitive Neurosci, 9(6), 788–798. 
http://doi.org/10.1162/jocn.1997.9.6.788 
Oostenveld, R., & Praamstra, P. (2001). The five percent electrode system for high-resolution 
EEG and ERP measurements. Clin Neurophysiol, 112(4), 713–719. 
http://doi.org/10.1016/S1388-2457(00)00527-7 
Ozonoff, S., & Jensen, J. (1999). Brief report: Specific executive function profiles in three 
neurodevelopmental disorders. Journal of autism and developmental disorders, 29(2), 171-
177. 
Palminteri, S., Lebreton, M., Worbe, Y., Grabli, D., Hartmann, A., & Pessiglione, M. (2009). 
Pharmacological modulation of subliminal learning in Parkinson’s and Tourette’s syndromes. 
Proc Natl Acad Sci, 106(45), 19179–19184. http://doi.org/10.1073/pnas.0904035106 
Palminteri, S., Lebreton, M., Worbe, Y., Hartmann, A., Lehéricy, S., Vidailhet, M., 
Pessiglione, M. (2011). Dopamine-dependent reinforcement of motor skill learning: evidence 
from Gilles de la Tourette syndrome. Brain, 134(8), 2287–2301. 
http://doi.org/10.1093/brain/awr147 
31 
 
Remijnse PL, Nielen MA, van Balkom AM, & et al. (2006). Reduced orbitofrontal-striatal 
activity on a reversal learning task in obsessive-compulsive disorder. Archives Gen. 
Psychiatry, 63(11), 1225–1236. http://doi.org/10.1001/archpsyc.63.11.1225 
Ray Li, C. S., Chang, H. L., Hsu, Y. P., Wang, H. S., & Ko, N. C. (2006). Motor response 
inhibition in children with Tourette's disorder. The Journal of neuropsychiatry and clinical 
neurosciences, 18(3), 417-419. 
Roessner, D. V., Becker, A., Banaschewski, T., & Rothenberger, A. (2007). Executive 
functions in children with chronic tic disorders with/without ADHD: new insights. Eur Child 
Adoles Psy, 16(9), 36–44. http://doi.org/10.1007/s00787-007-1005-5 
Roessner, V., Albrecht, B., Dechent, P., Baudewig, J., & Rothenberger, A. (2008). Normal 
response inhibition in boys with Tourette syndrome. Behav Brain Funct, 4, 29. 
http://doi.org/10.1186/1744-9081-4-29 
Rose, D., & Pevalin, D. J. (2003). A researcher's guide to the national statistics socio-
economic classification. SAGE Publications Ltd. 
Rose, M., Verleger, R., & Wascher, E. (2001). ERP correlates of associative learning. 
Psychophysiology, 38(03), 440–450. 
Sallee, F.R., Nesbitt, L., Jackson, C., Sine, L., & Sethuraman, G. (1997). Relative efficacy of 
haloperidol and pimozide in children and adolescents with Tourette’s disorder. Am J 
Psychiatry, 154, 1057-1062. 
Sagvolden, T., Johansen, E. B., Aase, H., & Russell, V. A. (2005). A dynamic developmental 
theory of attention-deficit/hyperactivity disorder (ADHD) predominantly 
hyperactive/impulsive and combined subtypes. Behav Brain Sci, 28(3), 397–418. 
Shephard, E., Jackson, G. M., & Groom, M. J. (2014). Learning and altering behaviours by 
reinforcement: Neurocognitive differences between children and adults. Dev Cogn Neurosci, 
7, 94–105. http://doi.org/10.1016/j.dcn.2013.12.001 
32 
 
Shephard, E., Jackson, G. M., & Groom, M. J. (2015). The effects of co-occurring ADHD 
symptoms on electrophysiological correlates of cognitive control in young people with 
Tourette syndrome. Journal of Neuropsychology, http://doi.org/10.1111/jnp.12071 
Sonuga-Barke, E. J. S. (2003). The dual pathway model of AD/HD: an elaboration of neuro- 
developmental characteristics. Neurosci Biobehav R, 27(7), 593–604. 
http://doi.org/10.1016/j.neubiorev.2003.08.005 
Sukhodolsky, D. G., Landeros-Weisenberger, A., Scahill, L., Leckman, J. F., & Schultz, R. T. 
(2010). Neuropsychological functioning in children with Tourette syndrome with and without 
attention-deficit/hyperactivity disorder. Journal of the American Academy of child & 
adolescent psychiatry, 49(11), 1155-1164. 
Thoma, P., Edel, M.-A., Suchan, B., & Bellebaum, C. (2015). Probabilistic reward learning in 
adults with Attention Deficit Hyperactivity Disorder—An electrophysiological study. 
Psychiatry Res, 225(1–2), 133–144. http://doi.org/10.1016/j.psychres.2014.11.006 
Tripp, G., & Wickens, J. R. (2008). Research Review: Dopamine transfer deficit: a 
neurobiological theory of altered reinforcement mechanisms in ADHD. J Child Psychol 
Psychiatry, 49(7), 691–704. http://doi.org/10.1111/j.1469-7610.2007.01851.x 
Umemoto, A., Lukie, C. N., Kerns, K. A., Müller, U., & Holroyd, C. B. (2014). Impaired 
reward processing by anterior cingulate cortex in children with attention deficit hyperactivity 
disorder. Cogn Affect Behav Neurosci, 14(2), 698–714. http://doi.org/10.3758/s13415-014-
0298-3 
van Meel, C. S., Oosterlaan, J., Heslenfeld, D. J., & Sergeant, J. A. (2005). Telling good from 
bad news: ADHD differentially affects processing of positive and negative feedback during 
guessing. Neuropsychologia, 43(13), 1946–1954. 
http://doi.org/10.1016/j.neuropsychologia.2005.03.018 
Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. Psychological Corporation. 
33 
 
Worbe Y, Palminteri S, Hartmann A, Vidailhet M, Lehéricy S, & Pessiglione M. (2011). 
Reinforcement learning and Gilles de la Tourette syndrome: Dissociation of clinical 
phenotypes and pharmacological treatments. Archives Gen. Psychiatry, 68(12), 1257–1266. 
http://doi.org/10.1001/archgenpsychiatry.2011.137 
  
34 
 
Figure Captions 
Figure 1 Behavioural performance in the learning and reversal task 
Group means for accuracy (A) and RT (B) are plotted by learning block and group 
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Figure 2 ERP amplitudes plotted by learning block 
Group means for amplitudes of the P3 (A), feedback-locked P2 (B) and FRN (C) are plotted 
by learning block and group 
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Figure 3 Stimulus-locked P3 
Grand average stimulus-locked waveforms displaying the P3 at Pz for correct trials plotted by 
learning block for each group (TS: upper left, TS+ADHD: upper right, ADHD: lower left, 
Controls: lower right). The black line represents the waveform for block 1, red line for block 
2, blue line for block 3, green line for the reversal block 4, and the pink line for block 5. The 
P3 was measured in the 300-600ms post-stimulus time-range (shaded area in the plots). The 
insets in each plot display an example of the P3 topography for each group; the topography of 
the component in block 4 is presented.   
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Figure 4 Feedback-locked P2 
Grand average feedback-locked waveforms displaying the P2 at Fz for correct trials plotted 
by group (TS: upper left, TS+ADHD: upper right, ADHD: lower left, Controls: lower right). 
The black line represents the waveform for block 1, red line for block 2, blue line for block 3, 
green line for the reversal block 4, and the pink line for block 5. The P2 was measured in the 
170-250ms post-feedback time-range (shaded area in plots) with reference to the preceding 
negative peak. The insets in each plot display an example of the P2 topography for each 
group; the topography of the component in block 4 is presented.   
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Figure 5 Feedback-Related Negativity (FRN) 
Grand average feedback-locked waveforms displaying the FRN at FCz for correct trials 
plotted by group (TS: upper left, TS+ADHD: upper right, ADHD: lower left, Controls: lower 
right). The black line represents the waveform for block 1, red line for block 2, blue line for 
block 3, green line for the reversal block 4, and the pink line for block 5. The FRN was 
measured in the 200-400ms post-feedback time-range (shaded area in plots) with reference to 
the preceding positive peak. The insets in each plot display an example of the FRN 
topography for each group; the topography of the component in block 4 is presented.   
 
 
